It is now established that the biological function of transfer RNA (sRNA) is to accept amino acid at a terminus of the chain, resulting in the formation of aminoacylsRNA,1-3 and to transfer the amino acid from that aminoacyl-sRNA into a polypeptide chain by interacting with messenger RNA on the surface of polyribosomes.4, I A number of indirect observations6-9 suggest that the sites for these reactions are located independently in the sRNA molecule. Chemical'0-'3 and enzymatic14' 15 modifications of the sRNA have provided the most direct information on this problem.
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We previously reported that sRNA could be altered enzymatically without loss of acceptor activity for some amino acids when it was incubated with B. subtilis RNase or RNase T, in the presence of Mg++."S. 16 The present report shows that these treated sRNA's cannot transfer certain amino acids into protein, although they still can accept these amino acids, a result indicating clearly that the amino acid acceptor function is not identical with the transfer function of sRNA. It is also shown that the amino acid acceptor activities of enzymatically altered sRNA's are inactivated by increasing temperature at low concentrations of Mg++, and the extent of this inactivation seems to be correlated with the inability of the treated sRNA to transfer amino acids. The preliminary studies for the present investigation were reported previously. '5 Methods.-Aminoacvl-sRNA synthetase from Escherichia coli was prepared as described previously.l" E. coli sRNA was prepared from E. coli B by the procedure of Ofengand et al." except that a DEAE-cellulose column was used instead of an Ecteola-cellulose column."5 Preparation of B. subtilis RNase-and RNase Ti-treated sRNA: A partial hydrolysis of sRNA by B. subtilis RNase or RNase T, was carried out under essentially the same conditions as described previously."5 One hundred mg of E. coli sRNA were incubated with 52 units of B. subtilis RNase or 48 units of RNase T, in a total volume of 40 ml of 0.1 M Tris-HCl pH 7.3 and 0.01 M magnesium acetate for 40 min at 370C. After incubation with B. subtilis RNase, 71% of leucine, 78% of valine, and 84% of lysine acceptor activities remained-with RNase T,, 81% of leucine. 49% of valine, and 90% of lysine acceptor activities remained. The reaction mixture was put on a DEAE-cellulose column (1.4 X 6.6 cm) previously equilibrated at 40C with 0.1 M NaCl, 0.05 M Tris-HCl pH 7.5, and 0.01 M magnesium acetate. The column was washed with 200 ml of 0.2 M NaCl, 0.05 M Tris-HCI pH 7.5, and 0.01 M magnesium acetate to remove the RNase and hydrolyzed products, and then active sRNA was eluted with 1.5 M NaCl, 0.05 M Tris-HCl pH 7.5, and 0.01 M magnesium acetate at 40C. The first 70 ml of the effluent was collected, and the sRNA was precipitated by adding 2 volumes of 95% alcohol. Yield: B. subtilis RNasetreated sRNA, 55 mg; RNase T,-treated sRNA, 40 mg.
Formation of the aminoacyl-sRNA: The reaction mixture for charging C'4-amino acid to the RNase-treated sRNA or control sRNA contained 1 mg of sRNA, 100 Mmoles Tris-HCl pH 7.3, 10 jMmoles magnesium acetate, 10 /moles KCl, 2 Mmoles ATP, 0.2 pc C'4-amino acid, and 300 jug aminoacyl-sRNA synthetase in a total volume of 1.0 ml. It in a total volume of 1.0 ml. After incubation at 370C for various intervals, 0.1 ml of the reaction mixture was put on a filter paper disk, and the disks were washed and counted as reported previously. 20 In the case of poly A-dependent lysine transfer, a modification of thetungstic acid procedure as described by Gardner et al. 21 was applied. The filter paper disks were dipped into cold 5% trichloroacetic acid containing 0.25% sodium tungstate pH 2.0, washed once with the same reagent, then transferred into the usual 5% trichloroacetic acid and heated at 950C for 30 min. The disks were washed twice with 5% trichloroacetic acid, then with ether-alcohol (1:1), and ether. successively.
Materials.-Bacillus subtilis RNase was purified by CM-cellulose column chromatography as reported previously. 23 RNase T, was a gift from Dr. K. Takahashi Exposure of sRNA to B. subtilis RNase < 3 resulted in a markedly reduced capacity to 6 . .S ,:, participate in the poly UG-dependent trans-5 TIME (m) 25 fer of valine into protein (Fig. 1) amino acid acceptor activities. This is apparently due to a metal-catalyzed hydrolysis of RNA at alkaline solution resulting from the increased pH of cacodylate buffer at high temperature. On the contrary, the pH of tris buffer is decreased with increasing temperature. Therefore no inactivation of acceptor activity is observed when sRNA is heated in tris buffer.
polyribonucleotides. Neither alanine nor leucine was transferred well from either of the treated sRNA's. The loss of valine transfer activity from RNase Ti-treated sRNA was not as drastic as with B. subtilis RNase-treated sRNA. On the other hand, phenylalanine, tyrosine, and lysine were transferred into protein from the treated sRNA's nearly as well as from control sRNA. Since both poly UG and poly UC failed to stimulate the transfer of leucine from treated sRNA, both forms of leucyl-sRNA25 are attacked by the RNases.
Heat inactivation of amino acid acceptor activities of the treated sRNA: Although a few internucleotide ester bonds are hydrolyzed by RNase, the sRNA may be able to retain a functional configuration by virtue of the multiple hydrogen bonds involved in maintaining the secondary structural form of the molecule. If this were the case, amino acid acceptor activity should be sensitive to thermal denaturation due to destruction of hydrogen bonds. Thermal inactivation of valine and alanine acceptor activities of sRNA treated with B. subtilis is demonstrated in Figure 2 . Surprisingly enough, maximal inactivation of both amino acid acceptor activities was obtained even at 37°C when Mg++ was absent. With increasing concentrations of Mg++, both amino acid acceptor activities became more resistant to heat. Quick cooling or slow cooling of heated sRNA prior to assay gave the same results. Table 3 shows inactivation of other amino acid acceptor activities by heating B. subtilis RNaseor RNase T1-treated sRNA in the absence of Mg++. Since valine and alanine acceptor activities of the treated sRNA's are very easily inactivated by elevated temperatures, it is possible that this functional activity may be lost during the time elapsed in the phenol isolation procedure. In order to exclude this possibility, B. subtilis RNase-or RNase T,-treated sRNA was charged with C'4-valine, C14-alanine, or C'4-leucine and discharged by incubating for 20 hr in 0.1 M Tris pH 8.4. Such discharged sRNA's showed exactly the same amino acid acceptor activities as the original sRNA preparations.
Evidence for lack of contamination with RNase in the treated sRNA's: If the RNase-treated sRNA's were contaminated with a small amount of RNase, the contaminant could degrade other RNA components which participate in protein synthesis, even though it had not inactivated the amino acid acceptor activity of sRNA, and thus show an apparent loss of transfer function. That this was not the case is evident from the following considerations: (1) Transfer of valine, leucine, and alanine into protein from untreated aminoacyl-sRNA's was not inhibited by the further addition of B. subtilis RNase-or RNase T,-treated sRNA's into the proteinsynthesizing system. (2) In the case of the experiments in Table 2 , the effect of RNase contaminating the treated sRNA's can be examined by comparing the three amino acids whose transfer is stimulated by poly UG and poly UC. If these polymers are being degraded, all three amino acids, leucine, valine, and phenylalanine, should be affected similarly. Since they are not, contamination-by RNase is not likely. (3) As mentioned in Methods, the absence of magnesium during RNase treatment of the sRNA results in complete loss of acceptor function of all amino acids, whereas the heat-inactivation of treated sRNA indicates a loss of acceptor activity for only certain amino acids.
Discussion.-Earlier studies on hyperchromicity and reactivity with formaldehyde suggested that sRNA has an intramolecular secondary structure.29 30 A shift of the thermal denaturation curve of sRNA to higher temperatures was observed when sRNA was heated in the presence of Mg++.l" 31, 32 However, even in the presence of Mg++, the observed Tm value is lower than the value expected from a regular double helix,33 suggesting the presence of irregularities in the base pairing. It has been proposed that the structure of sRNA is that of a single polynucleotide chain with a bend approximately in the middle. Three unpaired nucleotides in the bend could serve as the coding trinucleotide sequence which interacts with the messenger RNA template.34
Our results can be explained by the above hypothetical structure. Since the RNases act randomly on an unpaired polyribonucleotide chain, but cannot attack a double-stranded structure,16' 35-37 only an unpaired part of the nucleotide sequence of sRNA which contains a purine nucleotide residue would be hydrolyzed by B. subtilis RNase or RNase T,. Thermal inactivation studies suggest that the hydrolyzed sRNA still maintains the secondary structure which is necessary for the amino acid acceptor function. Since an unpaired part of the nucleotide sequence call be assumed to be necessary to interact with messenger RNA, the treated sRNA's could not transfer amino acid into protein. The secondary structure remaining after RNase treatment could be easily collapsed by heating and could not re-form after cooling because the two strands are fragmented, due to the cleavage of internucleotide bonds. The protecting effect of Mg++ for heat inactivation of amino acid acceptor activity can be explained by assuming that Mg++ affects the physical configuration of sRNA, causing it to assume a more rigid secondary structure and thereby rendering it more resistant to the breakage of secondary structure by heating. It should be emphasized that those aminoacyl-sRNA's whose transfer function is most susceptible to RNase are also those whose acceptor activity is most readily lost on heating after RNase treatment.
Both B. subtilis RNase-and RNase T1-treated sRNA's give a similar pattern with respect to loss of amino acid transfer and heat inactivation of amino acid acceptor activity. These RNases hydrolyze internucleotide bonds between the 3'-guanine nucleoside phosphoryl groups and the 5'-hydroxy groups of the adjacent nucleoside. '5 It is therefore interesting to note that transfer functions of sRNA requiring coding by G or C(val, leu, ala) are affected by treatment with these RNases, but the transfer functions for which coding requires only U or A (phe, lys, tyr) are not affected by the RNases.
It is not known whether RNase can hydrolyze the internucleotide bond between a free base and a hydrogen-bonded base, and thus speculation on the nature of the anticodon would be premature. Further study along these lines using purified amino acid specific sRNA's will give a more direct answer regarding which nucleotide bond is attacked by the RNases to cause only the loss of transfer activity. I Zachau, H. G., G. Acs, and F. Lipmann, these PROCEEDINGS, 44, 885 (1958) .
